The effect of administration of N-desulfated/acetylated heparin, almost completely devoid of anticoagulant activity, on the progression of renal disease was examined in rats with 13/4 nephrectomy. Three groups of rats with 13/4 nephrectomy were studied. Group I (control, n = 11) received 0.15 ml of 0.15 M NaCI subcutaneously twice daily for 5 wk; group 2 (n = 11) received 0.15 ml twice daily of N-desulfated/acetylated heparin (5.4 mg/ml; < 0.5 U/ml); group 3 (n = 9) received 0.15 ml twice daily of standard beef lung heparin (5.4 mg/ml; 977 U/ml). Clearances and renal histological studies were done at the end of 5 wk of heparin or saline administration. Rats given the heparin preparations had significantly higher inulin clearances (2.55±0.38 ml/min per body weight (BW) for group 2, or 2.60±0.24 ml/min per kg BW for group 3) than control rats (1.59±0.20 ml/min per kg BW). Histological analysis revealed a greater number of glomeruli with segmental or global sclerosis, hyalinosis, or fibrosis (36.6%) in control rats than in rats receiving N-desulfated/acetylated heparin (6.2%) or standard heparin (3.0%). Blood pressure averaged 169.4±6.2 mmHg in controls, 119.1±6.1 in rats of group 2, and 1243±2.5 in rats of group 3. The values for blood pressure were significantly lower in the two groups receiving heparin than in controls. These studies indicate that a heparin preparation, almost completely devoid of anticoagulant properties, affords the same degree of protection against progression of renal disease as does standard heparin in rats with subtotal renal ablation. It is suggested that other biological properties of heparin may be responsible for the effects observed.
Introduction
The experimental model of uremia produced by marked reduction of renal mass in the rat has been widely used. Reduction of renal mass in the rat results in functional hypertrophy and morphologic injury to the nephrons throughout the remnant kidney (1, 2) ; alterations can be detected within one week after severe renal ablation (3) . Progressive glomerular damage ensues, with eventual glomerulosclerosis, proteinuria, hypertension, uremia, and death (1, 2) . The glomerular pathology is initially focal and includes capillary thrombosis and an accumulation of amorphous material in the glomerulus. Progres-sion of the renal lesion appears to be mediated in part by thrombotic mechanisms and is prevented by the administration of heparin and warfarin (2, 4, 5) . Heparin reduces blood pressure, improves renal function, and ameliorates markedly the histological changes seen in this model of subtotal renal ablation (2, 5, 6) . Although warfarin provides some beneficial effects in this model, the protection afforded by this drug is not as great as that seen with heparin administration (5) . This suggested that heparin may exert its effect through mechanisms other than anticoagulation. Heparin has many pharmacologic effects that could modify the course of the glomerular lesions in this model (7, 8) . To examine whether or not the anticoagulant properties of heparin are necessary to prevent the progression of renal disease in this experimental animal model, we examined the effects of N-desulfated/acetylated heparin on the progression ofrenal disease in rats with subtotal renal ablation. The results indicate that N-desulfated/acetylated heparin, almost completely devoid of anticoagulant activity, can prevent the progression of renal disease in rats with subtotal renal ablation.
Methods
Clearance studies. Studies of renal function were performed in 31 adult, female Sprague-Dawley (Holtzman) rats weighing 235-350 g. All animals were fed a standard rat chow containing 22.8% protein (rat chow; Ralston Purina Co., St. Louis, MO) and allowed tap water ad lib. unless otherwise stated. Renal mass was reduced (13/4 nephrectomy) as has been previously described (2) . After reduction in renal mass, the rats were divided into three groups. A group of 11 rats (group 1) served as controls and were not given heparin but received instead 0.15 ml of 0.15 M NaCi subcutaneously twice daily. A group of 11 rats (group 2) received 0.15 ml of N-desulfated/acetylated heparin (5.4 mg/ml, < 0.5 U/ml) twice daily for 5 wk. Another group ofnine rats received 0.15 ml of beef lung heparin (5.4 mg/ml, 977 U/ml twice daily subcutaneously (group 3). At the end of 5 wk the heparin or the vehicle was discontinued for 24 h before clearance studies. Anticoagulation studies. For these studies an additional group of 15 rats had 13/4 nephrectomy. 2 wk after the surgical procedure to reduce renal mass, the animals were divided into three groups offive rats each. Rats in the control group received 0.15 ml of 0.15 M NaCl subcutaneously at 12-h intervals for three doses. The other two groups received either 0.15 ml of standard beef lung heparin or 0.15 ml of N-desulfated/acetylated heparin at 12-h intervals for three doses. Similar groups of normal rats (not subjected to subtotal renal ablation) were treated in the same manner (n = 16). 2 h after the last dose ofsubcutaneous saline or heparin, blood was collected from the aorta of normal rats or rats with 13/4 nephrectomy into tubes containing sodium citrate which were placed in ice. Samples to determine activated partial thromboplastin time (aPTT)' were processed as described below.
Preparation ofN-desulfated acetylated heparin. N-desulfated heparin was prepared according to the method of Inoue and Nagasawa (9) . Briefly, 1.6 g of beef lung sodium heparinate (VHA Plus; LyphoMed, Inc., Chicago, IL) was converted to the acid form on a 50-ml Dowex 50W (H+ form) column, neutralized with pyridine, and lyophilized. The pyridinium salt was then incubated with 300 ml of 5% methanol in dimethyl sulfoxide for 1.5 h at 50'C. The solution was diluted with an equal volume of water and the pH adjusted to -9 with NaOH. The N-desulfated heparin was then dialyzed against water and lyophilized. N-acetylation was performed according to the procedure of Hook et al. (10) . The N-desulfated heparin (1.14 g) was dissolved in 80 ml of 0.05 M Na2CO3 in 10% methanol and stirred in a melting ice bath. Six times during 1 h 12 ml of acetic anhydride was added. The pH was maintained at 7.0 to 7.5 by addition of 10% methanol saturated with Na2CO3. The final product was dialyzed against water, lyophilized, and dissolved in 0.15 M NaCl. N-desulfated/acetylated heparin and untreated heparin were dialyzed extensively against 0.15 M NaCl and the concentration of each was adjusted to 5.4 mg/ml as determined by the carbazole assay for uronic acid (1 1). The preparations were sterilized by filtration through a 0.2-Mm membrane (Nalgene Labware Div., Nalge Co., Div. of Sybron Corp., Rochester, NY).
Determination of in vitro anticoagulant activity of heparin. The anticoagulant activities of control and N-desulfated/acetylated heparin were determined in a thrombin inhibition assay with purified antithrombin III. Human antithrombin III and thrombin were prepared as previously described (12) . 5 IAl of antithrombin III (50 Jg/ml) was incubated with 90 ,d of the heparin sample diluted in 0.15 M NaCi, 20 mM Tris-HC1, and 0.1% polyethylene glycol, pH 7.4, for 2 min at room temperature. 5 1l of thrombin (-8 U/ml) was then added, the solution was incubated for exactly 1 min, and the remaining thrombin activity was determined by addition of 100 gl of 0.1 mM tosyl-GlyPro-Arg-p-nitroanilide (Boehringer Mannheim Biochemicals, Indianapolis, IN). Hydrolysis of the substrate was terminated after 2 min by addition of 10 ,l of hirudin (200 U/ml, Sigma Chemical Co., St. Louis, MO), and the absorbance at 405 nm was recorded. The assay was standardized with porcine intestinal heparin of known activity. The untreated beef lung heparin had a specific activity of 180 U/mg, while the N-desulfated/acetylated heparin had a specific activity of . 0.1 U/mg.
aPTT. Rat blood was drawn from the aorta and immediately placed in 5-ml Vacutainer tubes (6418; Bectin-Dickinson & Co., Sunnyvale, CA) containing sodium citrate. Cells were removed by centrifugation and the plasma was stored at -20°C before use. Plasma (100 ,Ml) was incubated for 3 min at 37°C with 100 Ml of prewarmed aPTT reagent (Thrombosil I; Ortho Diagnostic Systems Inc., Raritan, NJ) in a fibrometer (Bectin-Dickinson & Co.). The clotting time (i.e., the aPTT) was determined after addition of 100 Ml of prewarmed 20 mM CaC12-Measurement ofGFR and renal plasmaflow. On the day of study, animals were anesthetized lightly with ether for placement ofcatheters into the bladder, femoral artery, and tail vein for the infusion of solutions containing inulin and paraaminohippurate (PAH). The animals were placed in Plexiglas holders and 1.5-2 h were allowed for recovery from anesthesia. After a priming dose ofchemical inulin (Fisher Scientific Co., Pittsburgh, PA) and chemical PAH (Merck Sharp & Dohme, Div. of Merck & Co., Inc., West Point, PA), a sustaining infusion of inulin and PAH to maintain plasma levels were given at 39 Ml/min for 1 h before the initiation of clearance studies. Three clearance periods were obtained with blood being drawn at the midpoint of each collection period.
Determination ofurine protein, bloodpressure, and other measurements. Urine protein excretion and mean arterial blood pressure were measured in all groups of rats. Before the performance of clearance studies, animals were placed in metabolic cages and allowed regular chow (pulverized) and water intake while urine collections were made for 24 h. Upon completion of clearance studies, animals were briefly anesthetized with ether while cannulas were removed. Rats were returned to their cages and 2 d after completion ofthe clearance studies, while anesthetized with sodium pentobarbitol (Diabutol; 30 mg/kg body weight [BW] ), the mean arterial blood pressure was measured via the right femoral artery with PE 50 tubing connected to a mercury manometer. At the end of the experiments the rats were killed, the kidney and the heart were removed, and their weights recorded. Heart weight was used to calculate heart weight (in milligams) to BW (per 100 g) ratio, an indicator of the presence of sustained hypertension (13) . Kidney histology was evaluated as described below. Clearances were calculated using standard techniques and measurements ofinulin and PAH were calculated as previously described (14).
Histological evaluation ofthe remnant kidneys. Light microscopy to assess glomerular and small renal blood vessel morphology was performed in blinded fashion on midline, saggital, periodic acid Schiff-stained sections ofthe viable portion ofthe remnant kidney. At least 50 consecutive cortical glomeruli were counted. Each glomerulus was assigned to one of five categories based upon the degree ofdetectable morphological damage: 0, no visible pathologic changes; I, mesangial deposits with some mesangial hypercellularity; II, appearance of focal areas of sclerosis and loop collapse in the glomerulus with or without generalized mesangial thickening; III, segmental sclerosis with loop collapse, and blebs in epithelial cells; and IV, global sclerosis, hyalinosis, and fibrosis. The number ofglomeruli in each category was expressed as percentage of the total number of glomeruli counted for each rat (2) .
Calculations. An unpaired Student's t test was used when comparing data from control versus experimental rats. Analysis of variance was used for the histological data reported in Table IV .
Results
Anticoagulation studies. To determine the anticoagulant effect of standard and N-desulfated/acetylated heparin in normal and subtotally nephrectomized rats, animals were given three doses of heparin or saline at 12-h intervals and the aPTT was then determined from an aortic blood sample (Table I) . In both normal rats and rats with subtotal renal ablation, standard heparin prolonged the aPTT to longer than 120 s. N-desulfated/acetylated heparin had no significant effect on the aPTT in normal rats but prolonged the aPTT in 13/4 nephrectomized rats slightly but significantly compared with controls. Rats given N-desulfated/acetylated heparin had remarkably and significantly shorter aPTTs than rats receiving standard heparin.
Assessment of renal function. Additional rats were given heparnn or saline injections twice daily for 5 wk after subtotal renal ablation. As shown in Table II , BW was not significantly There was a significant difference (P < 0.001) in the ratio of heart weight to BW in control rats (514.6±11.7) compared with those receiving N-desulfated/acetylated or standard heparin (424.7±14.5 or 395.3±10.7). There was no significant difference in the ratio of heart weight to BW between the latter two groups. Blood-urea nitrogen levels were significantly greater in control rats when compared with the treated rats. Table III shows the data for renal function in the three groups ofrats. As compared with control rats receiving vehicle, both groups of rats given either standard heparin or N-desulfated/acetylated heparin had significantly higher values for inulin clearance. Inulin clearance averaged 1.59±0.20 ml/min per kg BW in controls vs. 2.55±0.38 m/min per kg BW in animals receiving N-desulfated/acetylated heparin and 2.60±0.24 ml/min per kg BW in rats given standard heparin. The values for PAH clearance were higher but not significantly different in the rats receiving N-desulfated/acetylated heparin (7.35±1.20 ml/min per kg BW) or standard heparin (7.63±0.68 ml/min per kg BW) than in control rats (5.56±0.76 ml/min per kg BW). The 24-h urinary excretion ofprotein was significantly lower in rats receiving N-desulfated/acetylated heparin than in controls. As an average value, rats given standard heparin had a similar degree of proteinuria as controls; however, this similar degree of proteinuria in heparin-treated rats and control rats was due to the very high excretion of protein in three of nine rats in the former group. These three rats had protein excretions of 488, 627, and 655 mg/24 h, respectively. Two of these three rats had not only the highest degree of proteinuria of all rats studied but also the lowest hematocrit (30 and 32% as compared with hematocrits > 40% in the other rats). Therefore, it is possible that part ofthe heavy proteinuria, at least in two of these three rats, was related to hematuria. Ifthese three rats are excluded, the mean excretion rate of protein of the remaining six rats would be 46.5±15.3 mg/24 h (range, 11 to 109 mg/24 h), a value significantly different (P < 0.001) from that ofuntreated control rats. In the control group only one rat had a very high protein excretion (550 mg/24 h). If this rat is excluded the mean protein excretion of the remaining 10 rats in the control group (range, 148 to 387 mg) would be 219.7±27.4 mg/24 h, a value significantly different (P < 0.01) from the mean value of 100.1± 18.4 mg in rats treated with N-desulfated/acetylated heparin or the mean value of 46.5±15.3 mg/24 h of six ofthe nine rats treated with standard heparin.
Renal histology. Table IV shows the histology data for the three groups of rats. The percent of glomeruli with no visible pathologic changes (grade 0) or only mesangial deposits and mesangial proliferation (grade I) was considerably greater in animals given N-desulfated/acetylated heparin (91.0%) or standard heparin (96.0%) than in control rats (61.2%). On the other hand (see Fig. 1 and Table IV), the percent of glomeruli with severe histological abnormalities (grades III and IV) was significantly greater in control rats (36.6%) than in rats receiving N-desulfated/acetylated heparin (6.2%) or standard heparin (3.0%).
Discussion
We have reported previously that heparin given subcutaneously to rats with subtotal renal ablation prevented glomerular capillary occlusion, reduced systemic blood pressure to near normal levels, and prevented azotemia (2). Therapy with beef lung heparin markedly decreased the number of sclerotic glomeruli from -40±7% in control animals given saline to 2±0.7% in the animals receiving 150 U of heparin subcutaneously twice daily. This protective effect of heparin on renal function and histology in the 13/4 nephrectomized model was confirmed by Olson (4) , who reported results similar to ours (2). Olson (4) gave rats with subtotal renal ablation either intact heparin or a low molecular weight fraction ofheparin with the same negative charge as the intact molecule but apparently number of abnormal glomeruli was significantly greater in control rats than in rats receiving N-desulfated/acetylated heparin or standard heparin (P < 0.001). There was no signifant difference in the number of abnormal glomeruli between the two groups of rats treated with heparin (P > 0.05).
devoid ofanticoagulant properties. Treatment with intact heparin resulted in elimination of the animals' albuminuria, reduction in blood pressure, and improved renal morphology. By contrast, the lower molecular weight fraction of heparin decreased the degree of albuminuria but did not reduce the severity of the morphologic damage as compared with untreated controls. Although at first examination the results of Olson's experiments (4) suggest that anticoagulation is necessary for the protection afforded by heparin in this model, note that the low molecular weight fraction of heparin used by Olson (4) may not have retained some of the other pharmacological actions of intact heparin.
It is tempting to suggest that the decrease in renal histological damage observed with heparin administration is due to a decrease in systemic blood pressure. However, this seems unlikely since in a previous study (2) we demonstrated that despite a comparable decrease in systemic blood pressure achieved with heparin or with antihypertensive drugs (a combination of reserpine, hydralazine, and hydrochlorothiazide), the heparin-treated rats had -2% sclerosed glomeruli on histological examination as compared with 20% sclerosed glomeruli in the group treated with antihypertensives. We have also reported in abstract form (15) that Munich-Wistar rats with subtotal nephrectomy had a considerably lesser number of sclerosed glomeruli at 4 and 7.5 wk after surgery than control rats despite the persistence of similarly elevated values for glomerular plasma flows and intraglomerular pressure at 2 and 4 wk in both groups of rats. Since in our hands the renal histological changes, after subtotal nephrectomy, of MunichWistar rats is identical to that of Sprague-Dawley rats, and since glomerular hypertension precedes the development of histological damage to glomeruli (3), it seems likely that heparin provides protection against structural glomerular damage by a mechanism independent of changes in intraglomerular pressure. In addition, as discussed below, heparin has been shown recently to have a beneficial effect on renal histology in a model of chronic aminonucleoside nephrosis in which sys-temic hypertension is not present (16). Thus, it seems unlikely that the decrease in systemic blood pressure produced by heparin in this study is responsible for the protective effect on glomerular structure seen in the rats treated with this compound.
The results of the present experiments indicate that N-desulfated/acetylated heparin, almost completely devoid of anticoagulant properties, ameliorates the progression of renal disease in rats with subtotal nephrectomy. The degree of protection afforded by N-desulfated/acetylated heparin was similar to that provided by the administration of standard beef lung heparin. These results indicate that heparin produces a beneficial effect on the progression of renal disease by mechanisms that may be independent of those related to its anticoagulant properties. It may be argued that the small degree ofanticoagulation produced by N-desulfated/acetylated heparin in vivo was responsible for the effects seen. Although there were no differences in aPTT between normal rats given saline or N-desulfated/acetylated heparin, there was a slight but significant difference in the aPTT between 13/4 nephrectomized rats that received saline and those given N-desulfated/acetylated heparin (see Table I ). However, note that anticoagulation with other agents, such as warfarin, resulted in a marked prolongation of the prothrombin time but did not afford the same degree of functional or histological protection seen with the use ofN-desulfated/acetylated heparin (5, 6) . In addition, anticoagulation with warfarin did not decrease systemic blood pressure to the same extent as N-desulfated/acetylated heparin, suggesting that heparin may have its major effects through mechanisms that are independent of its anticoagulant properties.
Heparin has been shown to have many pharmacologic effects that could modify the course of the glomerular lesions seen in the model of subtotal renal ablation. Inactivation of plasma proteases including clotting Factors XII, XI, IX, X, and thrombin produces an anticoagulated state (8) . Inhibition of another serum protease, renal kallikrein, may decrease production of renin or cause alterations in renal blood flow (17 Karnovsky (16) found that blood pressure in their heparin-treated rats was not different from controls and suggested that the protection afforded by heparin in this model was not mediated through an antihypertensive effect.
Heparin has been shown to suppress smooth muscle cell proliferation in arteries (19) (20) (21) . This effect is retained in heparin devoid of anticoagulant properties (20) . Note than an Ndesulfated reacetylated heparin prepared in a manner similar to the preparation used in the current study has been demonstrated to inhibit the proliferation of vascular smooth muscle cells in vitro (22). Exogenous heparin added to culture medium inhibited proliferation of both exponentially growing mesangial cells and mesangial cells released from growth arrest (23). Therefore, a major effect ofboth N-desulfated/acetylated and standard heparin in this animal model of renal disease may be related to the antiproliferative properties of these compounds on mesangial cells. Note, as mentioned above, that nonanticoagulant heparin retains the antiproliferative effects of native heparin. In addition, Castellot et al. (23) noted that conditioned media from glomerular epithelial cells possesses an inhibitor of mesangial cell growth and that this substance has heparin-like properties. Fishman and Karnovsky (24) have also shown in vitro that the glomerular epithelial cell is both morphologically and functionally injured in several disease states including the nephrosis produced by the aminonucleoside of puromycin. Epithelial cell lesions also occur in the remnant kidney model (3) . Consequently, decreased production by injured epithelial cells ofa heparin-like compound, which normally inhibits mesangial cell growth and proliferation, may lead to mesangial expansion and increased synthesis of mesangial matrix. Exogenous heparin administration may provide the necessary concentrations at the glomerular level to prevent mesangial proliferation.
